Enzymes II, and llby which catalyze the conversion of epichlorohydrin (ECH) to 3-chloro-1,2-propanediol (MCP), were purified from Corynebacterium sp. strain N-1074, which catalyzes the formation of (R)-MCP from prochiral 1,3-dichloro-2-propanol via ECH. The specific activity of enzyme 11a for the formation of MCP from ECH was about 6.4-fold higher than that of enzyme 'lb. Both enzymes catalyzed the conversion of 1,2-epoxides to the corresponding diol, although they differed in several enzymatic properties.
We have studied the enzymatic synthesis of optically active 3-chloro-1,2-propanediol (MCP) from prochiral 1,3-dichloro-2-propanol (DCP) and found that some microorganisms catalyzed the formation of (R)-MCP from DCP (9) . Using one of them, Corynebacterium sp. strain N-1074 (10) , we investigated the production of (R)-MCP, which is useful as a starting material for the synthesis of several drugs. The conversion of DCP to MCP by the strain proceeded stoichiometrically via epichlorohydrin (ECH), but the optical purity of the resulting product (about 84% enantiomeric excess) was not sufficient for use as a chiral building reagent. Therefore, in order to improve the enantioselectivity of the reaction, we have embarked on research to increase our understanding of the enzymes involved in the transformation of DCP to MCP. Studies of the transformation pathway suggested that two enzymes were involved in each reaction step, the conversion of DCP to ECH and that of ECH to MCP (equation 1) (7).
-HCl ClCH2-CH-CH2Cl Enzymes "aolb OH The two enzymes, 'a and Ib, involved in the first reaction step were already purified and characterized. Each of the enzymes was cloned and highly expressed in Escherichia coli (12) . The two cloned enzymes were also previously purified and compared in detail (6, 8 Enzyme "Ib was purified from the second active peak (fraction 'Ib) separated by DEAE-Sephacel column chromatography. Solid ammonium sulfate was added to fraction 'lb to 50% saturation with stirring, and the resulting precipitate was removed by centrifugation at 10,000 x g for 1 h. The supernatant solution was further saturated with ammonium sulfate to 60%. The resulting precipitate was collected by centrifugation at 10,000 x g for 1 h, dissolved in Tris buffer, and dialyzed against the same buffer. Further purification was carried out by the same procedures as those for purification of enzyme IIa. The level of the activity for the formation of MCP from ECH was assayed in a reaction mixture (1 ml) containing 50 ,umol of ECH, 100 ,umol of Tris-H2SO4 (pH 8.0), and an appropriate amount of enzyme. The reaction was carried out at 20°C for 10 min. The spontaneous formation of MCP was negligible in the absence of the enzyme under the conditions used. One unit of enzyme activity was defined as the amount of enzyme that catalyzed the formation of MCP at a rate of 1 ,umol/min under the standard assay conditions. The amounts of epoxides and diols were determined by gas-liquid chromatography as described before (7) . The amount of protein was determined by the Coomassie brilliant blue G-250 dye-binding method of Bradford (2) by using a dye reagent supplied by Bio-Rad (Richmond, Calif.), with bovine serum albumin as the standard. All data were expressed as the means from triplicate experiments and were consistent within 5%.
The results of purification are summarized in Table 1 . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in 12% polyacrylamide slab gels by the method of Laemmli (4). The gels were stained for protein with Coomassie brilliant blue R-250. The relative molecular weights (Mrs) of enzyme subunits were determined from the mobilities of standard proteins (Pharmacia LKB).
Both enzymes migrated as only one band on SDS-PAGE, and the Mrs of enzymes Ila and lb were estimated to be about 38,000 and 40,000, respectively (Fig. 2) . The Mr of native enzyme was estimated by HPLC with a TSKgel G3000SW column (0.75 by 60 cm; Tosoh Corp.) at a flow rate of 0.6 ml/min with elution of 0.1 M sodium phosphate buffer (pH 7.2) containing 0.1 M Na2SO4 at room temperature. The A280 of the effluent was recorded. The Mr of enzyme was calculated from the mobilities of standard proteins (Oriental Yeast Co., Ltd., Tokyo, Japan). The Mrs of native enzymes Ila and 'lb were determined to be about 70,000 and 92,000, respectively. Enantioselectivity and mechanism for the conversion of ECH to MCP. The enantioselectivities of enzymes IIa and IIb for the conversion of ECH to MCP were compared. The optical purity of MCP was determined by the HPLC analysis of its p-toluenesulfonate derivative (7) . The optical purity of the resulting MCP by enzyme Ila was about 13 to 16% enantiomeric excess of the (R)-form, whereas about 61 to 64% enantiomeric excess of (R)-MCP was formed by enzyme Ilb, when the reaction was performed in a pH range of 7 to 9.
The reaction was further investigated by gas chromatography-mass spectrometry analysis. Both electron ionization-mass spectra of MCP formed by enzymes "Ia and Ilb gave the same peaks as follows: -CHOH-CH2Cl fragment ion, m/z 81 (22%) and 79 (72%); -CHOH-CH2OH fragment ion, m/z 61 (100%); and -CH2OH fragment ion, m/z 31 (30%). The spectral data were identical with those of authentic MCP.
Incubation with H218O was carried out in a reaction mixture (0.8 ml) containing 0.4 ml of H2180, 80 ,umol of Tris-H2SO4 (pH 8.0), and 40 jimol of ECH with 42.6 jig of enzyme IIa or 330 jig of enzyme Ilb at 20°C for 1 h. The resulting product was extracted with ethyl acetate (2.5 ml, three times) and analyzed by gas chromatography-mass spectrometry. Then MCP formed by each enzyme gave the following mass spectra: m/z 81 (22%), 79 (70%), 63 (47%), 61 (51%), 33 (13%), and 31 (19%). The peaks at m/z 63 and 33 seem to correspond to 180-labeled -CHOH-CH2OH and -CH2OH fragment ions, respectively. The peak intensity of the -CHOH-CH2Cl fragment ion was almost the same as that of authentic MCP. These results indicate that both enzymes Ila and Ilb catalyze the hydrolytic conversion of ECH to MCP and that the hydrolysis occurs by attack at the primary carbon atom of the epoxide ring.
Inhibitors. The inhibitory effects of various compounds on the activity were examined (Table 2) . Some reagents acting on sulfhydryl groups of proteins such as AgNO3, HgCl2, p- ,imol was used), 100 ,umol of Tris-H2SO4 (pH 8.0), and an appropriate amount of enzyme. Table 3 summarizes the substrate specificities of enzymes Ila and lIb. Both enzymes acted on not only aliphatic 1,2-epoxides but also styrene oxide and produced the corresponding diols, which were identified by gas chromatography-mass spectrometry, although their specificities were different from each other. Among the epoxides tested in this study, ECH was the best substrate for both enzymes. Discussion. There are only a few reports of characterization of bacterial epoxide hydrolases, although many detailed studies have been performed on microsomal enzymes from a wide variety of animals (11) . So far, enzymes involved in the hydrolysis of trans-epoxysuccinate and 9,10-epoxypalmitic acid have been purified from a strain of Pseudomonas putida (1) and a strain of Bacillus megaterium (5), respectively, and then these enzymes were characterized, although their substrate specificities were not mentioned. Recently, Jacobs et al. have described the purification and characterization of an epoxide hydrolase from a Pseudomonas sp. (3). The enzyme acted on 1,2-epoxides and did not exhibit enantioselectivity for the conversion of the substrates.
Here we purified and characterized two enzymes involved in the conversion of ECH to MCP from Corynebactenium sp. strain N-1074. Their substrate specificities and the mass spectrometry analysis of the product indicated that both enzymes were epoxide hydrolases catalyzing the conversion of 1,2-epoxides to the corresponding diols. Many of their enzymatic properties were different from each other. In particular, a significant difference of enantioselectivity for the conversion of ECH to MCP is of interest. Enzyme 11b exhibited a considerable enantioselectivity for the formation of MCP from ECH, whereas optical purity of MCP formed by enzyme IIa was very low. Their catalytic mechanisms might be different, since the sensitivity of the enzymes to thiol reagents differed. Further studies are needed to clarify a difference of their catalytic mechanisms that would have a critical effect on enantioselectivity for the conversion of ECH to MCP. Recently, two genes corresponding to enzymes IIa and lb were cloned (unpublished data). A comparison of the primary structures of these enzymes with those of the other epoxide hydrolases should reveal some useful data.
